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In Brief
Mercier et al. develop a bioluminescencebased system that monitors the activity of olfactory neurons in freely interacting flies and show that the major source of the male sex pheromone cVA is actively deposited landmarks rather than the fly's body. Male, but not female, landmarks attract both sexes and create a preferential site for social interactions.
SUMMARY
To communicate with conspecifics, animals deploy various strategies to release pheromones, chemical signals modulating social and sexual behaviors [1] [2] [3] [4] [5] . Importantly, a single pheromone induces different behaviors depending on the context and exposure dynamics [6] [7] [8] . Therefore, to comprehend the ethological role of pheromones, it is essential to characterize how neurons in the recipients respond to temporally and spatially fluctuating chemical signals emitted by donors during natural interactions. In Drosophila melanogaster, the male pheromone 11-cis-vaccenyl acetate (cVA) [9] activates specific olfactory receptor neurons (ORNs) [10, 11] to regulate diverse social and sexual behaviors in recipients [12] [13] [14] [15] . Physicochemical analyses have identified this chemical on an animal's body [16, 17] and in its local environment [18, 19] . However, because these methods are imprecise in capturing spatiotemporal dynamics, it is poorly understood how individual pheromone cues are released, detected, and interpreted by recipients. Here, we developed a system based on bioluminescence to monitor neural activity in freely interacting Drosophila, and investigated the active detection and perception of the naturally emitted cVA. Unexpectedly, neurons specifically tuned to cVA did not exhibit significant activity during physical interactions between males, and instead responded strongly to olfactory landmarks deposited by males. These landmarks mediated attraction through Or67d receptors and allured both sexes to the marked region. Importantly, the landmarks remained attractive even when a pair of flies was engaged in courtship behavior. In contrast, female deposits did not affect the exploration pattern of either sex. Thus, Drosophila use pheromone marking to remotely signal their sexual identity and to enhance social interactions.
RESULTS

Bioluminescence Reports Activity of Specific Sensory and Central Neurons in Freely Behaving Animals
Conventional neural recording techniques such as electrophysiology or fluorescence-based imaging require the fly to be tethered during investigation. To record the activity of specific neurons in a fly freely navigating a three-dimensional space, we developed a method utilizing the strengths of the Gal4-UAS binary expression system and bioluminescence ( Figure 1 ) [20, 21] . We chose Gal4 lines that each label a specific type of neuron to express a bioluminescent calcium indicator, tandemdimer Tomato-aequorin (tdTA) [22] or GFP-aequorin (GFP-aeq) [23] , which relies on a chromophore, coelenterazine (Cz), to emit light. This eliminates excitation light that causes cellular damage, strong cuticular autofluorescence burying the true signal, and, most importantly, the need to maintain the neurons of interest in the focal plane of an optical device, thereby freeing the animal from any physical constraint. Because the specificity of the Gal4 line ensures the source of signals, we can monitor neural activity by collecting all of the photons emitted from the fly with photo-multiplier tubes (PMTs) surrounding the behavioral arena ( Figure 1A ). The dimensions of the arena and the spatial arrangement of the PMTs were optimized using numerical simulation to detect 95% of the emitted photons. To minimize the noise, the animal's movements were recorded without any external illumination using a thermal camera. The image contrast was improved by creating a cold background by placing a Peltier element behind the arena ( Figure 1A ).
We first examined the potential of our method by simultaneously recording the fly's behavior and the activity of gustatory receptor neurons (GRNs). A transgenic fly expressing tdTA only in sugar-sensing Gr5a GRNs [24] was released in an arena containing droplets of sucrose solution ( Figure 1B ). When the fly was away from the sugar source, the number of detected photons was fluctuating around a basal level reflecting the sum of noise, spontaneous neuronal activity, and auto-oxidation of Cz. The photon count increased as soon as the fly extended its proboscis to taste the sugar and returned to baseline when the fly stopped feeding ( Figure 1B ; Video S1). To quantify the sensitivity and the dynamic range of the probe under controlled conditions, we tethered individual flies and monitored the responses of Gr5a GRNs to different concentrations of sucrose solution applied to the labellum (Figures S1A and S1B). Responses to sucrose became significantly larger than those to water at 250 mM and further increased at 500 mM ( Figures 1C and S1B ). This sensitivity is comparable to GCaMP recording [25, 26] , although not as high as electrophysiological single-sensillum recording [27, 28] . It was also comparable to the fly's behavioral sensitivity to sucrose presented to the labellum assessed by proboscis extension reflex [29] .
We next asked whether our method is applicable to secondorder gustatory neurons in the central brain. We chose to focus on NP1562-Gal4-positive gustatory projection neurons downstream of Gr5a GRNs because (1) they also respond to sucrose, (2) there are fewer than 20 of them, allowing us to test a challenging case, and (3) NP1562-Gal4 does not label any taste sensory neurons [30] , thus ensuring that bioluminescence signals originate in central neurons. For this recording, a small patch of cuticle and perineural sheath on the dorsal part of the brain was removed to enhance the permeation of Cz. As a result, we were able to detect transient signals each time the freely behaving fly extended its proboscis to taste sucrose ( Figures  1D and 1E ; Video S2). The tasting behavior-triggered average response was larger than the control, average activity at random time points during the experiment as well as average activity following the extension of a proboscis away from the sucrose (B) Photons emitted from sugar-sensing GRNs in a fly freely exploring the arena with sucrose droplets (Gr5a-Gal4>tdTA). Photons were acquired at 1 Hz. Images are snapshots of the behavior at 5 representative time points. White bars, regions with sucrose droplets. See also Video S1. (C) Mean photons emitted from sugar-sensing GRNs in response to 10-s application of different concentrations of sucrose (control response to water is subtracted; Gr5a-Gal4>tdTA). Statistical significance was evaluated between water and sucrose responses (*p < 0.05, **p < 0.01, ***p < 0.001, n.s., non-significant, p = 0.56; Wilcoxon signed-rank test). Comparisons between groups were performed by Kruskal-Wallis test followed by Dunn-Sidak multiple comparisons. See also Figures S1A and S1B. (D) Photons emitted from second-order gustatory neurons in a fly freely exploring the arena with a block of sucrose agar (NP1562-Gal4>GFP-aeq). Photons were acquired at 5 Hz. Images are snapshots of the behavior at 5 representative time points. A block of 1 M sucrose agar is visible on the left (delineated in magenta in the first snapshot). See also Video S2. (E) Temporal profile of photons emitted from second-order gustatory neurons triggered by contacts between the proboscis and the sucrose agar (NP1562-Gal4>GFP-aeq, n = 39 contacts in 5 flies). Traces are aligned to the time of contact. Gray represents responses during individual contacts, and black represents the mean. Photons were acquired at 5 Hz. (F) Quantification of data in (E). Mean number of photons emitted during feeding. Control represents the number of photons emitted during the same amount of time at random periods in the experiment. Extension represents the number of photons emitted during extension of a proboscis away from the food source (n = 33 extensions in 5 flies; ***p < 0.001; Wilcoxon rank-sum test; *p < 0.05, **p < 0.01; comparisons between groups were performed by Kruskal-Wallis test followed by Dunn-Sidak multiple comparisons).
( Figure 1F ). Thus, the method is sensitive enough to detect the feeding-dependent activity of gustatory central neurons.
We finally expressed the bioluminescent probe in Or67d ORNs, which are exclusively tuned to cVA [10] . We collected the photons emitted from a tethered fly placed above various odors ( Figure S1 ). The bioluminescent flies showed no sign of neural activity in response to our panel of odors, except for cVA at 10 À4 dilution or higher concentration ( Figures S1D and   S1E ). These results confirm the specificity of Or67d ORN activity (see also STAR Methods). To test with more naturalistic stimuli, we exposed flies to the walls of arenas that have housed either males or virgin females. As expected, Or67d ORNs responded only to the wall of the arena treated by males, the unique producers of cVA ( Figure S1F ) [9, 31] . Although gas chromatography-mass spectrometry (GC-MS) studies have shown that males and females release several dozens of other compounds, none of them is exclusively produced in males [18, 19] . Therefore, our result suggests that the major, if not the sole, substance detected by Or67d ORNs in the flies' social environment is cVA. These results demonstrate that our system can detect neural activity from just one type of sensory and central neuron in response to active sampling of a stimulus by the unrestrained fly.
Landmarks Deposited by Males and Not the Male Bodies
Are the Most Salient Cues for cVA-Sensitive Or67d ORNs in a Social Context We then observed the activity of Or67d ORNs in response to natural cVA signals exchanged by interacting flies. We introduced a pair of males in a recording arena. One of the flies, referred to as lum, received a Cz injection rendering the calcium probe functional, whereas the partner fly (control) did not. The filtered and normalized photon count showed many peaks corresponding to ORN responses to natural cues (Figures 2A and S2 ). Because cVA has been spotted on male genitalia and cuticle [16, 17, 32] , we expected these neural responses to coincide with the physical interaction between flies. However, although flies encountered each other throughout the arena, most of the peaks were triggered in a particular region ( Figure 2B ). At the time of ORN excitation, the average distance between lum and the center of this region was shorter than the typical fly body length (L, 2.5 mm), whereas the distance from lum to control was significantly longer ( Figure 2C ). These results are not in line with the hypothesis that cVA is detectable on the fly body, and rather suggest that the major source of cVA is placed at a specific region in the environment.
During the first minutes of the example recording described above, Or67d ORNs responded mostly in the right side of the arena ( Figure 2D ). At a certain point (T = 540 s), one fly seemed to release a drop that we refer to as a landmark from the tip of its abdomen, which was confirmed by a post hoc visual observation of the arena ( Figure 2D ). In some other experiments, we were even able to observe the landmark appear on the video (Figure 2E , T = 95 s; Video S3). ORNs started to respond only after this marking behavior, again in a restricted region around the landmark ( Figures 2E, S3A , and S3B). In fact, a multivariate analysis showed that the number of detected photons is dependent on the distance between lum and the landmark, but not on the distance between flies ( Figure 2F ). Neural signals were not detected while the flies were physically interacting away from the marked region ( Figure 2G ).
To quantify the temporal dynamics of bioluminescence signals, we calculated the average time course of significant signals ( Figure S3C , top). The 20%-80% rise time was $500 ms, indicating that Or67d ORNs do not need to integrate more than several hundred milliseconds to detect the landmarks. The signal-triggered average of a fly position showed that the level of bioluminescence closely tracked the fly's proximity to the landmark ( Figure S3C , bottom), further confirming that landmarks are the cues that evoke these signals.
To examine whether the difference in neuronal responses to landmarks and other males is merely due to the difference in time spent close to the two objects per encounter, we selected the time periods during which the fly approached either object at a particular speed and to a particular level of proximity and calculated the average bioluminescence signals triggered by these behaviors ( Figure S3D ; see STAR Methods). We found that significant signals were observed only when the fly approached the landmark even after normalizing for the behavior.
Taken together, our results demonstrate that landmarks presented by males are the most salient Or67d-activating cues in this social environment and act at a short range.
Landmarks Trigger Attraction through Or67d ORNs
To examine the behavioral effects of these Or67d-activating landmarks, which are fecal deposits ( Figure S4A ), we monitored a male in a circular, flat arena whose geometry facilitates the visualization of landmark appearance ( Figure 3A ). Under dim light, the fly typically turned in a circle along the perimeter of the arena and placed landmarks accordingly ( Figures S4B and  S4C ). However, just after marking, it changed the exploration pattern and spent significantly more time in the marked region ( Figure 3B ; Video S4). Based on the finding that each landmark activates Or67d ORNs within a short radius of $L (Figure 2 ), we quantified its attractiveness by computing the percentage of time the fly spent in this effective region pre and post marking. We found that the attractiveness increased after the landmark appearance and remained elevated for some period (>16 min) with a trend to decrease over time ( Figure 3C ). This was due to flies' more frequent visit to the marked region as well as their longer stay within the region per each visit ( Figures 3D and 3E ).
We next examined whether this attraction is mediated by Or67d ORNs. Or67d
À mutants [11] showed less interest in the marked region than Or67d + control flies, which exhibited a normal level of attraction ( Figure 3F ). The attraction was also eliminated in flies expressing tetanus toxin (TNT) [33] , which blocks synaptic release, under the control of Or67d-Gal4, but not in flies expressing an inactive toxin (TNT in ; Figure 3F ). These results show that the attraction to the landmark is driven not by a novelty preference but by specific activation of Or67d ORNs.
Male Landmarks but Not Female Deposits Attract Both Sexes to the Marked Region Even When Flies Are Engaged in Courtship Behavior
Given that male landmarks act as a potent attractant for the depositors, they may also attract nearby females and that in a social context where interactions such as courtship occur. To test this, we placed a male and a virgin female together in an arena and tracked their positions with respect to the landmark ( Figures 4A and S4D ). Compared to the case of a male housed alone, landmarks appeared much earlier in the recording, making the statistics of the pre-marking behavior less reliable. We therefore focused on the post-marking period and assessed the landmark's attractiveness with an index, asymmetry = (T In À T Sym )/(T In + T Sym ), where T In is the time spent in the marked region and T Sym is the time spent in the symmetric, control region ( Figure 4A ). We found that, even in a social context, male landmarks are attractive for males and similarly so for virgin females, albeit to a lesser extent (Figures 4B and 4C ; Video S4). On the contrary, virgin-female deposits that do not activate Or67d ORNs ( Figure S1F ) are not significantly attractive to both sexes ( Figure 4C ). To determine whether the allure of male landmarks to females is collateral to the male's presence in the marked region, we conducted a conditional analysis and found that virgin females are attracted to male landmarks even when the male is remote (>1.75 L; Figure 4D ). Asymmetry is also large when we consider the case where the two flies are close to each other ( Figure 4D ). Importantly, landmarks remained attractive for both sexes even when the male was engaged in courtship and the female was chased by the male (Video S4). Asymmetry was independent of the intensity of courtship ( Figure 4E ). In sum, these results demonstrate that male deposits can be discriminated from virgin-female ones and provide a preferential site for social interactions.
DISCUSSION Monitoring Neural Activity in Freely Interacting Animals with Bioluminescence
Unlike the virtual reality setups that record neural and behavioral responses to artificial stimuli, our bioluminescence (E) An example experiment capturing the online appearance of a landmark. Localization of neural activation events before (top) and after (bottom) the landmark appearance (middle). A dotted circle of radius L is centered on the marking site. See also Video S3. (F) Heatmap representing the mean neural activity (pseudo-color) correlated with the distance from lum to control (x axis) and lum to landmark (y axis) (n = 9 flies). The blue histograms represent the projection of the heatmap on each axis. White boxes delineate extreme cases: (I) lum is near the landmark but away from the control, (II) lum is far from both the landmark and the control, and (III) lum is near the control but away from the landmark. (G) Detected photons conditioned by the 3 cases (I, II, III) defined in (F) (***p < 0.001, n.s., non-significant, p = 0.9; Kruskal-Wallis test followed by Dunn-Sidak multiple comparisons).
neurotechnique monitors the responses to pheromones naturally presented during social interactions, offering a unique chance to characterize their neuronal and ethological effects. Our system also captures flies' behavior without impeding the sensitive bioluminescence monitoring by utilizing a thermal camera. Previously, simultaneous neural and behavioral recording during olfactory communication in unrestrained individuals was limited to larger animals and, furthermore, could not be tuned to a particular pheromone [34] . Using genetic methods including genome editing technologies [35, 36] , our bioluminescence monitoring system has a potential to become a major tool to investigate the physiological basis of social communication in small organisms.
Revisiting the Pheromone Signals Received by Flies in Natural Environments
Although the fly's body is commonly considered as the sole or principal source of cVA in the environment, conclusions on the presence or absence of cVA on the fly's cuticle depended on the detection technique employed [16, 17, 32] . By monitoring the activity of cVA-specific ORNs during natural interactions, we demonstrated that the strongest cVA signals originate not from male bodies but from landmarks deposited by males. Besides this saliency at a neural level, the ability to attract both sexes indicated the ethological relevance of local landmarks. We note that this marking behavior may account for the large spectrum of pheromones reported on the wall of fly housing [18, 19, 37] . Therefore, in assessing the behavior of flies, it is of major importance to reconsider their environment as a rich pheromonal landscape where temporally evolving, local cues are non-uniformly distributed.
Landmarks: A Local Signature to Increase Mating Chances Similar to pheromones in other animals [8] , cVA's action on Drosophila depends on the context: inducing aggregation in one [12, 15] but aggression in another circumstance [14] ; acting as an aphrodisiac for females but as an anti-aphrodisiac for males [11] ; and increasing males' aggressiveness through acute exposure [14] but pacifying them through chronic exposure [7] . This is most likely because the fly is sampling different, multiple sensory cues besides cVA in different contexts, and all of these cues and their cognate receptors coordinate to shape the behavior. For example, Gr32a interacts hierarchically with Or67d to promote aggression in males [38] , whereas Or65a interacts with Or67d to suppress aggression in males [7] and attraction to cVA in females [39] . These reports highlight the significance of investigating the function of cVA in a naturalistic environment. In this study, we were able to examine the effect of individual cVA cues released by animals in natural concentration, place, and time on freely interacting flies. As a result, we found that cVA, when presented in male landmarks, induces attraction through the activation of Or67d ORNs. Deposits of virgin females devoid of cVA did not evoke attraction. Interestingly, both sexes can discriminate the attractive male landmarks from the neutral virgin-female deposits, suggesting that landmarks convey the sex identity of the marker. Thus, by placing landmarks, males may lure females into designated locations to increase the probability of mating. Indeed, landmarks were potent enough to keep attracting both males and chased virgin females during courtship (Figure 4 ). Because landmarks become less attractive over time ( Figure 3C ), they could also signal the time when the depositing males were present, preventing recipients from searching males that have left the site long before. Furthermore, given that landmarks also attract males and activate Or67d ORNs that are linked to aggression [14] , they may be a promotor of sexual selection orienting the females' choice toward the most competent partner.
Fly deposits are also reported to carry species-specific information [19] . The composition of deposits changes with social experiences of individuals [18] . In mice, urinary proteins mediate individual recognition [40] , and the pattern of urinary marking shifts depending on the social rank of the animal [41] . The landmarks therefore may additionally function as signature mixtures, conveying the identity and status of the marker, which can influence the adaptive behavioral choice of a mate.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Fly stocks Flies were raised on conventional cornmeal agar medium under a 12 hr light / 12 hr dark cycle at 25 C. Experiments were performed on 3 to 6 days old adult flies at 25 C. Males and virgin females were separated from eclosion and housed by groups of 12-15 individuals. Flies expressing tetanus toxin under the control of Gal80 were kept at 18 C until they were placed at 25 C, 24 hr prior to experiments to inactivate Gal80 and initiate tetanus toxin expression. The following fly stocks were used: UAS-tdTA(attP40, attP2), UAS-GFP-aeq(attP2) [23] , Gr5a-Gal4(II, III) [24] , Or67d-Gal4 [42] Detailed genotypes of flies used by figures Figure 1 Gr5a-Gal4/UAS-tdTA(attP40);Gr5a-Gal4/UAS-tdTA(attP2) Or67d-Gal4;UAS-tdTA(attP40);UAS-tdTA(attP2) NP1562-Gal4;UAS-GFP-aeq(attP2) Figure 2 Or67d-Gal4;UAS-tdTA(attP40);UAS-tdTA(attP2) Figure 3 Or67d-Gal4;UAS-tdTA(attP40);UAS-tdTA(attP2) Or67d Gal4 (null mutant) Figure 4 Or67d-Gal4;UAS-tdTA(attP40);UAS-tdTA(attP2)
Or67d-Gal4/+;UAS-TNT-E2,tubP-Gal80ts[20]/+ Or67d-Gal4/+;UAS-IMPTNT-VA2,tubP-Gal80ts[20]/+
Figure S1
Gr5a-Gal4/UAS-tdTA(attP40);Gr5a-Gal4/UAS-tdTA(attP2) Or67d-Gal4;UAS-tdTA(attP40);UAS-tdTA(attP2) UAS-tdTA(attP40);UAS-tdTA(attP2)
Figures S2 and S3
Or67d-Gal4;UAS-tdTA(attP40);UAS-tdTA(attP2)
Figures S4A and S4B
UAS-tdTA(attP40);UAS-tdTA(attP2)
Figures S4C and S4D
Or67d-Gal4;UAS-tdTA(attP40);UAS-tdTA(attP2)
Generation of tdTA transgenic lines We generated two lines of UAS-tdTA (P{JFRC7-20XUAS-IVS-tdTA}attP40 and P{JFRC7-20XUAS-IVS-tdTA}attP2
) by cloning tdTA [22] into pJFRC7 (Gerald M. Rubin, Addgene plasmid #26220) and injecting this plasmid to embryos through a service provided by Genetic Services.
METHOD DETAILS
Loading of coelenterazine Among the Cz derivatives available, we chose Cz-hcp (Cz, AAT Bioquest) based on its high photon production capabilities [44] . Stock solution (8 mM) was prepared using 2-hydroxypropyl-b-cyclodextrin (nacalai tesque) to increase Cz solubility [21, 45] . This stock solution was diluted with saline to the final concentration of 3 or 4 mM. Saline contained (in mM): 103 NaCl, 3 KCl, 5 N-tris (hydroxymethyl) methyl-2-aminoethane-sulfonic acid, 8 trehalose, 10 glucose, 26 NaHCO 3 , 1 NaH 2 PO 4 , 1.5 CaCl 2 , and 4 MgCl 2 (osmolarity adjusted to 270-275 mOsm). All procedures involving Cz were conducted in a room with dim, red illumination. We found that the locomotion speed was not significantly different between Cz-injected and non-injected flies ( Figure S2D ). We also confirmed that Cz-injected flies can court females (unilateral wing extension; 11/18 pairs with Cz-injected males versus 16/18 pairs with non-injected males during 1 hr).
Specifics of peripheral neurons
Individual flies received 3 consecutive injections of 3 mM Cz (9 nL per injection) through one of the oscelli using a microinjector (Nanoject II or III, Drummond).
Specifics of central neurons
To enhance the permeation of Cz, we removed a small patch of cuticle and the perineural sheath on the dorsal part of the brain (most distant from NP1562-positive neurons in the subesophageal zone) following [20] . We manually delivered a total of $40 nL of 4 mM Cz into the cuticular opening through $5 consecutive injections using a glass capillary. After injection, the fly was released in a container for 1 hr$1.5 hr before the experiment for recovery. Flies that were actively moving after the recovery period were used for the experiment.
Olfactory stimulation experiment cVA (Pherobank) and pentyl acetate (Sigma-Aldrich) were diluted with dimethyl sulfoxide (nacalai tesque) and mineral oil (nacalai tesque), respectively. Each solution (35 ml) in a small plastic container was placed at the center and $0.7 cm bellow the upper PMT. A fly was tethered to an insect pin with ultraviolet-curing adhesive (NOA 63, Norland), rested for an hour, received Cz injection, and rested again for 3 min. The insect pin was attached to a step motor in charge of bringing the fly between the PMT and the odor container. The fly was positioned so that the antennae were perpendicular and close ($3 mm) to the surface of the odor solution. The fly was exposed to each odor for 10 s twice at 1 min inter-trial-interval. Odor responses were quantified as the average of total photons detected above baseline during two odor exposures. To confirm that the brain exhibits typical basal activity and remains responsive over the course of the experiment, an empty container (no-odor) and cVA at 10 À2 were presented at first and last, respectively. Flies showing abnormal fluctuations in activity in the absence of any stimulus at the beginning of the experiment or not responding to cVA at 10 À2 at the end of the experiment were excluded from the analysis. For the rest of the stimuli, control odors and cVA at different concentrations were randomly interleaved. To stimulate with male and female natural excretion, 6 flies were housed in a circular arena closed with a pair of cover glasses on the top and the bottom for 3 to 5 hr. The bottom cover glass was then placed instead of an odor container under the PMT.
Gustatory stimulation experiment
To measure the response of Gr5a GRNs to various concentrations of sucrose ( Figure 1C ), a droplet of sucrose solution was placed on a cover glass resting on the surface of the PMT. The position of a fly tethered to an insect pin with ultraviolet-curing adhesive (NOA 63, Norland) was controlled by an electronic micromanipulator (EMM-3NV, Narishige) to make the entire proboscis come into contact with the sucrose. Water and a single concentration of sucrose were applied for 10 s (with a slight jitter in duration reflecting the manual movement of the micromanipulator) per fly in a randomized order with $3 min inter-stimulus-interval. Sucrose responses were quantified as the difference between total photons detected above the baseline during the 10 s application of sucrose and that of water. Flies that did not show a typical small response to water were discarded from the analysis, which most likely indicates unsuccessful loading of Cz.
Bioluminescence monitoring system
The behavioral arena was manually assembled from rectangular pieces of quartz using ultraviolet-curing adhesive (NOA 81, Norland). After post hoc visual inspection of landmarks at the end of the experiment, the arena was disassembled and pieces were bathed in detergent, gently brushed, and thoroughly rinsed with water. To detect bioluminescence, the behavioral arena (13 3 4 x 3 mm) was placed between two 25 mm diameter PMTs (Photon counting head H11123, Hamamatsu Photonics). The PMTs were connected to fast readout electronics (C8855-01, Hamamatsu Photonics) to count the number of collected photons. The fly's behavior was recorded with a thermal camera sensitive to light of wavelength between 1 and 5 mm (Onca-MWIR-InSbBB-320, Xenics). Images (320 3 256 pixels) were captured at a rate of 5 frames per second (fps). To enhance the contrast of thermal images, a cold background created by a Peltier element was placed in the field of view of the camera but sufficiently far from the arena ($25 cm) not to affect the flies' behavior. The hot side of the Peltier element was affixed with thermal grease on a plate in which propylene glycol at À9 C was circulated (Eyela, NCB-1200). During the bioluminescence recording from freely interacting flies (Figure 2 ), custom dichroic mirrors (DM350-700R/1000-5000R, Asahi Spectra) were placed in regions not covered by PMTs to reflect otherwise lost photons back to PMTs while transmitting thermal images to the camera.
Specificity of the source of responses to cVA and landmarks in Or67d-Gal4>UAS-tdTA flies Or67d-Gal4 line labels two different glomeruli: glomerulus DA1 receiving inputs from Or67d ORNs and glomerulus VA6 receiving inputs from Or82a ORNs. However, because Or67d ORNs are specifically tuned to cVA [10, 46] whereas Or82a ORNs are specifically tuned to geranyl acetate [46, 47] , bioluminescence signals evoked by cVA exposure in Or67d-Gal4>tdTA flies ( Figure S1 ) can be deduced to reflect excitation of Or67d ORNs. Furthermore, because male and female extracts do not contain geranyl acetate, and cVA is the only compound exclusively present in the male extract compared to virgin-female extract [18, 19] , our results shown in Figure S1F strongly suggest that responses to cVA and male landmarks originate in Or67d ORNs.
Procedures of bioluminescence recordings
Flies expressing tdTA or GFP-aeq were individually tethered and received Cz injection as described above. Three min after the injection, the injected fly and the non-injected control partner were released and lightly anesthetized on a Peltier plate at 4 C to be easily transferred to the behavioral arena. For recordings from NP1562-Gal4-positive neurons, flies were released in a glass container for 1 hr$1.5 hr before the experiment for recovery. The arena was inspected under a microscope to check for the presence and the position of landmarks after the experiment. For the gustatory recording experiments, small drops or a block of agar of 1 M sucrose were placed at one end of the arena or at the center, respectively.
Bioluminescence signal processing
The slowly drifting baseline comprising electronic noise, spontaneous neural response and auto-oxidation of Cz was removed from raw photon counts using a baseline estimation algorithm [48] . The trace was denoised using a moving average filter and normalized by the mean of the 3 largest neural responses in order to compare the data across flies ( Figure S2 ). Significant neural responses were detected using the PeakFinder algorithm (N.Yoder, Peakfinder, 2011, MathWorks, File Exchange).
Response dynamics of Or67d ORNs
We examined the temporal dynamics of bioluminescence signals by extracting 8 bins (T = 1.6 s) preceding and following the peak identified by the PeakFinder algorithm and aligning them at the timing of each peak ( Figure S3C, top) . The position of a lum fly with respect to the landmark was plotted during the same period ( Figure S3C, bottom) . To compare the temporal dynamics of bioluminescence emitted during the fly's approach to the landmark and the control fly, we extracted the time period during which the fly's behavior met all the following criteria: (1) the fly continuously moves toward the object (landmark or lum) for more than 1.6 s, (2) the fly is initially more than 1.5 L (L = fly's body length, see Figure 2 ) away from the object, and (3) the fly finally comes closer than 0.75 L from the object. The data on fly position was aligned at the closest distance from the object to plot the trajectory of the fly ( Figure S3D,  bottom) , and the bioluminescence data corresponding to this time period were extracted to calculate behavior-triggered neural responses ( Figure S3D , top).
Behavioral experiment setup
An array of circular arenas was illuminated with dim light from infrared light-emitting diodes (IR-LEDs) (700 nm, Thorlabs). The flies' behavior was recorded at 5 fps by an IR-sensitive digital CCD Camera with a resolution of 336 3 256 pixels (ORCA-05G, Hamamatsu). The arenas rested on an acrylic plate covered by a disposable thin plastic film. The top of each arena was closed by a piece of cover glass. For experiments observing single flies each housed in an arena (single-fly experiments), the camera simultaneously imaged an array of 9 arenas with 14 mm inner diameter. For experiments observing a pair of flies housed together in an arena (pairedfly experiments), the camera simultaneously imaged an array of 6 arenas with 21 mm inner diameter. The dark background was obtained by placing a black plate below the arenas oriented such that it reflects the IR illumination away from the camera. Landmarks were identified as fecal deposits using food coloring dye (blue, kyoritsu-foods, Figure S4A ). Flies were allowed to feed on the conventional cornmeal agar medium mixed with the dye for 24 hr before the experiment.
Procedures of behavioral experiments
Day and night cycles in the incubators (25 C, $90% humidity) were set so that the relative time for the fly during the experiment corresponded to $2 hr before the light to dark transition period. The most active flies moving around the top of the culture vials were selected for experiments. Flies were lightly cold anesthetized and placed in the arena. The arena was examined post hoc to confirm the positions of landmarks. All the identified landmarks were non-movable objects deposited from the fly's abdomen. The recorded video was inspected offline to identify the timing of deposition of the landmarks. Specifics of single-fly recording The behavior was analyzed during 8 and 24 min pre and post marking, respectively. Each fly was exposed strictly to one landmark. The data was excluded from analysis if a second landmark was placed within 24 min post marking or the fly was immobile for more than 30% of the recording time to minimize the biases introduced by long resting periods. Specifics of paired-fly recording Males often marked soon after the start of the experiment, making the pre-marking period too short to capture statistically reliable behaviors. We therefore focused on the post-marking period to assess the behavioral effect of landmarks. The data was excluded from analysis if the same marker placed a second landmark within 16 min. We analyzed the effect of a second landmark only if it was placed more than 48 min after and sufficiently away (> 8 mm) from the first one. Under these criteria, 17 male landmarks were examined by a total of 16 pairs of flies (11 pairs examined a single male landmark; 5 pairs examined a single male and a single virgin-female landmarks) and 18 virgin-female landmarks were examined by a total of 17 pairs of flies (11 pairs examined a single virgin-female landmark; 5 pairs examined a single male and a single virgin-female landmarks; 1 pair examined 2 virgin-female landmarks).
Acquisition and processing of images
The codes for hardware command and control, data acquisition, user frontends and GUIs were written in C++ with the Qt library. To track the position and the identity of individual flies, we developed a custom software using C++ with the OpenCV (Open Source Computer Vision) and Qt libraries. The background was estimated with the VUMeter method [49] and subtracted from images. Images of flies were extracted using an adaptive threshold method to cope with their variable brightness depending on the flies' orientation and position in the arena. Each fly was tracked with a Kalman filter [50] assuming a constant velocity model. When two flies were present in an arena, the result of the tracking was visually inspected twice by different experimenters to ensure that the identity of each fly is conserved over the entire recording. When two males were housed together (Figure 2) , wings of one male were clipped to aid the visual recognition of each fly by the experimenter. When a male and a virgin female were housed together (Figure 4) , the visual markers were the differential fly body lengths as well as the male's wing extension during courtship.
